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PROTECTION OF THE NERVOUS SYSTEM USING SODIUM CHANNEL BLOCKERS 

This invention relates to the treatment of neurological disorders associated with 
inflammation within the central or peripheral nervous system. 

Inflammation within the nervous system is a major component of several neurological 
disorders, including multiple sclerosis, the inflammatory neuropathies (e.g. Guillain- 
Barre syndrome), acute spinal cord injury, and the neurological complications of 
AIDS. Apart from causing neural dysfunction, inflammation might directly damage 
neural tissue resulting in persistent neurological deficits, especially if the damage 
occurs in the CNS. In MS, for example, serial magnetic resonance studies indicate that 
progressive axonal loss is the major cause of the gradual accumulation of permanent 
deficit in progressive disease. Notably, pathological studies have revealed that the 
axons appear to be transected specifically within the MS lesions, and that the number 
of axons transected correlates with the severity of the inflammation. Axonal loss is 
also a major feature of some inflammatory demyelinating peripheral neuropathies in 
both patients and animals, and, unsurprisingly, it is again associated with a persistent 
neurological deficit. Clearly, axonal degeneration is an important cause of morbidity, 
but the mechanism(s) responsible for transecting the axons remains unknown. In the 
absence of a direct immune attack on the axons, it is assumed that they succumb to one 
or more of the melee of deleterious factors produced at inflammatory sites, such as 
proteases, phospholipases, cytokines and free radicals. One free radical known to be 
produced in raised concentrations in MS lesions is nitric oxide. Nitric oxide has a 
range of physiological functions at nanomolar concentrations, but at inflammatory sites 
it is produced at much higher concentrations following the induction of the non- 
constitutive form of the enzyme nitric oxide synthase (iNOS), which is capable of 
releasing nitric oxide in low micromolar concentrations. At such high concentrations 
nitric oxide can lead to a range of toxic effects, including the impairment of 
mitochondrial metabolism. Indeed, mitochondrial function is known to be impaired in 
an animal model of MS. The mitochondrial dysfunction reduces ATP synthesis and 
this may be expected to place at risk those cellular components with a high metabolic 
rate, such as axons. At present there are no known therapies to prevent neuronal, or 
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axonal, loss due to inflammation. There is thus no recognised therapy to prevent the 
progression of disability (i.e. the steady accumulation of deficit) in multiple sclerosis. 

We have surmised that exposure to nitric oxide may cause irreversible axonal damage, 
and that axons in which metabolic activity is increased, for example by sustained 
impulse activity, may be particularly vulnerable to these effects. Thus, if the increased 
metabolic demands arising from sustained activity occur in axons with a decreased 
metabolic capacity due to nitric oxide, ionic homeostasis may be lost, and degeneration 
ensue. This hypothesis has now been proven in our experiments where axons have 
been exposed in vivo to nitric oxide at low micromolar concentrations, while 
concurrently inducing sustained impulse activity at physiological frequencies. The 
combination of nitric oxide exposure (mimicking one component of an inflammatory 
site) and sustained impulse activity resulted in persistent conduction block, which did 
not occur in control roots exposed to only one of the two insults (figure 1 ). 
Histological examination of the roots at the site of nitric oxide exposure has revealed 
that the persistent block is due to axonal degeneration. Thus we have reproduced in a 
model what we believe to be the key components responsible for axonal death in MS 
lesions, namely the combination of nitric oxide (in patients this is derived from the 
inflammation) and axonal activity (in patients this is derived from normal impulse 
traffic). These same factors would be expected also to be deleterious to neuronal ceU 
bodies if inflammation occurred around the neurons. We believe that these 
observations are relevant to the several neurodegenerative diseases which exhibit an 
inflammatory component. 

In separate experiments we have shown that the conduction of sustained trains of 
impulses can also result in degeneration at sites where axons are already damaged, 
such as by demyelination or early remyelination. This degeneration can occur in the 
absence of obvious nitric oxide, but nitric oxide makes the degeneration more 
widespread. In both normal axons damaged by the combination of nitric oxide and 
sustained impulse activity, and pathological axons damaged simply by sustained 
impulse activity, the morphological evidence reveals the presence of axons which have 
been acutely dissolved. This pathological change suggests that the axons have been 
killed by an excessive accumulation of intra-axonal calcium. The calcium ions activate 
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axoplasmic degradative enzymes, which digest the axonal architecture causing 
degeneration. 

On the basis of these observations, we have made two deductions. First, that the 
damage is due to the excessive entry of cations (such as calcium and sodium ions) to 
the intracellular compartment, primarily as a direct or indirect consequence of the 
opening of sodium channels, and second, that by impairing energy metabolism nitric 
oxide exacerbates the problem by reducing the ability of the cell to extrude the ions via 
the usual energy dependent pumps. We have tested whether axons may be protected 
from damage by measures which reduce the entry of cations to the intracellular 
compartment. We have examined a model pharmacological agent, namely the local 
anaesthetic lignocaine, and used it at a threshold concentration such that sodium 
channels are only partially blocked, and conduction of impulses continues despite the 
presence of the drug. We have examined whether use of this agent may be effective in 
preventing or reducing axonal damage in vivo when axons are continuously stimulated 
at either 50 or 100 Hz in a medium containing low concentrations of nitric oxide. The 
concentration of nitric oxide chosen was within the range 0.5-7^iM, since there is 
evidence to believe that this range is representative of the nitric oxide concentration 
likely to be present within MS lesions. The experimental arrangement is similar to that 
described in detail below. ^ 

Four sacral spinal roots of the rat were typically examined in parallel, and they were 
left in continuity at either end in order to maintain their normal blood supply. The 
roots were raised upon stimulating electrodes at their rostral end, and upon recording 
electrodes caudally. Between the pairs of electrodes, each root passed through a 
separate pool, 7mms in length, which contained either tissue culture medium (control 
roots) or a similar medium to which had been added lignocaine (50-300|iM). The 
stimulation protocol for all roots consisted of 1 hour at 100Hz, followed by 2 hours at 
50 or 100Hz in the presence of nitric oxide (0.5-5^M), followed by a further 2 hours 
in the absence of nitric oxide. Where roots were exposed to lignocaine, they either 
remained in contact with the drug throughout the experiment, or the lignocaine was 
removed 2 hours after the removal of the nitric oxide. Sometimes the lignocaine (and 
control) solutions were changed every 30 minutes in case there was any tendency of 
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the lignocaine solution ,o become more dilute over time, given the ftc the, ,he roots 
were normally perfused with blood. 

We have found that hgnocaine (lOOuM) protects axons from damage, such that axons 
exposed to the drug are more likely to be able to conduct impulses following exposure 
to nitric oxide than axons in control roots (figure 2). Furthermore, and importantly, 
the axons protected by lignocaine were found upon histological examination (at lugh 
resolution light microscopy and at electron microscopy) to be healthy in appearance, 
whereas the axons not protected by lignocaine showed clear evidence of axonal 
degeneration (i.e. watery or non-existent axoplasm). Figure 2 shows an expenment 
which was terminated after a 2 hour recovery period, but other experiments (not 
shown) have been protracted in order to extend the recovery period to 9 or more 
hours. Such experiments were undertaken to demonstrate 1) that the conduction block 
in unprotected roots is truly persistent, i.e. probably permanent, and 2) that the 
protection provided by lignocaine is not merely a temporary protection. These pomts 
were proved to be correct. It is entirely reasonable to assume that since the protected 
axons recover function and survive for at least 9 hours after the insult, they will survve 
for as long as any normal axons (i.e. for the lifetime of the animal or person). As 
before, histological examination of the region of the roots within the bath at the end of 
such long experiments revealed that the axons protected by hgnocaine appeared 
normal, while most of the unprotected axons appeared to have undergone 
degeneration, as described above. 

We have focused our experiments on a model sodium channel blocking agent, 
lignocaine. Structurally related compounds, such as mexiletine, can also be used for 
this purpose. Other voltage-dependent sodium channel blockers, including 
lamotrigine, phenytoin and carbamate can also be of benefit. In particular, drugs 
selective for persistent or non-inactivating sodium currents would also be cand.dates. 
The research stage is also facilitated by the use of drugs which have readily reversible 
actions, but this requirement is less important once the clinical stages have been 
reached, at which point it may even be disadvantageous. Ideally the drug should be 
lipid soluble, since this will enhance its penetration across the blood-brain barrier. 
However, this point is not essential since where nitric oxide is present the barrier will 
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already be compromised, and this may beneficially limit its localisation to inflamed 
areas of the CNS. Also, the drug should ideally be highly selective for sodium 
channels over potassium, although some activity against calcium channels could be 
tolerated, and it may be beneficial. Since much of the calcium which enters axons may 
enter via reverse operation of the sodium/calcium exchanger (consequent to a raised 
intra-axbnal sodium ion concentration), inhibitors of this exchanger should also 
provide protection of axons in inflammatory areas. 

In patients, sodium channel blocking agents, such as lignocaine, will typically be 
administered systemically. In multiple sclerosis, use of the agents is particularly 
indicated during relapses, or when there is other evidence of on-going inflammation 
within the central nervous system. It may be especially beneficial to administer sodium 
channel modulating drugs in conjunction with selective inhibitors of the inducible form 
of nitric oxide synthase: such drugs are under development and will be administered 
systemically. The route of administration (which may be oral, intravenous or 
intramuscular) and dosage (in the range 100-lOOOmg/day) will be determined by the 
particular properties of the drug chosen and will depend upon individual metabolism. 
The precise dosage will depend upon measurements of serum drug levels. 

The present invention therefore comprises the use of a sodium channel blocking agent 
and/or inhibitor of nitric oxide synthase for the treatment of neurological disorders 
associated with the central or peripheral nervous system The present invention also 
comprises a method of treatment of such disorders using the substance or substances 
referred to above. 

The benefits include the prevention of damage to the nervous svstem induced by 
exposure to inflammation, and thereby the prevention of clinical deficit in patients. 

Figure 1: 

Data showing the consequences of sustained impulse conduction in the presence of the 
low micromolar concentration of nitric oxide suspected to be present at a site of 
inflammation: the inset shows the recording arrangement. The data show 4 series of 
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records omah*d in paraUe. from 4 dorsal rocs in a ferminauy anaesthetist, normal 
ra, The roots were .eft in continuity to ensure that they were in as W » 
„ possible, and were raised on pairs of stimulating and recording electrodes wdhnr a 
odaera. oil recording pool maintained at 35 + /- 0.1X. Each root passed through a 
bath in which it could be expose* to different media, such as different concents 
of nitric oxide. Stimuli a, twice supramaximal intensity were applied at 1 or 50Hz (as 
indicated) and records were obtained of the evoked compound action potentials. Each 
plot shows a series of individua. compound action potentials obtained a. 2 nunute 
in.erva.s by computer averaging of 64 records The records are plotted wtih 3- 
dimensional perspective, in the order in which they were obtained, with the earheat 
records displayed rowards .he from of the p.o, Each plot represents about 5-6 hours 
of recording time. After a control period of approximate* 1 hour to ensure ttat the 
preparation was stable, the mediunt in the barh was changed from tissue culture 
nredium to one releasing a sustained concentration of nitric oxide (SpM, ustng .he 
„Hric oxide donor DETA NONOate). After 2 hours exposure, the nitric oxide 
was removed, and the root washed and then maintained in tissue culture medtum for 
the duration of tire experimenr. Notice. 1). ha. these normal axons are capable of 
conducting fai.hfu.ly a sus.ained train of impulses a. 50Hz for severs, horn, (.op .eft 
pl ot), inc.udin g during a 2 hour period in which the medium in .he bath was substituted 
for a con.ro, medium of "DETA NONOate" which had been dep.e.ed of ha ndnc ox.de 
comen, 2) .hat ti>e dorsa. roo, axons (2nd p.of> are capable of conducting quue 
faithfully a, 1Hz for several hours, including during a 2 hour period in the presence of 
5pM nitric oxide. However, 3) .he combination of .he .wo insuhs (50Hz and nnnc 
oxide 3rd p.ot) results in a progressive conduction block, eventual* involving nearly 
all tire axons. Upon removal of the nitric oxide solution, conduction is restored .o a 
proportion of the axons, bu, mese axons appear ,0 be "doonted" since they nearly al. 
progressively lose .heir abilhy to conduct over .he ensuing few hours The final 
outcome is one of persistent conduction block. A higher frequency of stimulation 
resulted in a more severe persist, conduction block (right plot) His.olog.cal 
examination of .he region of the 4 roots whhin the bati, a. me end of.be expenmen. 
revealed tita. the axons in the 1st and 2nd plots appeared normal, while mos. of the 
axons in the 2 right P lo«s had undergone degeneration since .hey exhibhed a pale and 
watery axoplasm with few. if any, axoplaamic organelles. 
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Figure 2: 

Data showing the protection of axons from degeneration by treatment with a low 
concentration of a sodium channel blocking agent. Notice that at this low 
concentration of lignocaine the axons continue to conduct entirely successfully - the 
concentration is way below that used by dentists to generate a nerve block. The data 
show 2 series of records obtained in parallel from 2 dorsal roots in a terminally 
anaesthetised, normal rat. The roots were prepared as described for figure 1, and the 
data obtained using a similar protocol, with the records obtained 2 minutes apart. The 
root on the left shows the same consequences of exposure to sustained activity and 
nitric oxide as were illustrated in figure 1 . However, although the root on the right 
also experienced sustained activity and exposure to nitric oxide, it was protected by the 
inclusion in the medium of lOO^M lignocaine. Notice that all, or nearly all, of the 
axons regain the ability to conduct. Histological examination of the region of the roots 
within the bath at the end of the experiment revealed that the axons protected by 
lignocaine appeared normal, while most of the unprotected axons had undergone 
degeneration, as described above. 
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1) The use of a sodium channel blocking agent for the treatment of an inflammatory 
neurological disorder of the central or peripheral nervous system. 

2) The use according to claim 1, for preventing axonal or neuronal damage. 

3) A method of treating or preventing neurological disease which comprises 
administering a sodium channel blocking agent to a patient in need thereof. 

4) A method according to claim 3, in which the blocking agent is administered orally 
or systemically, e.g. by the oral, intravenous or intramuscular route. 

5) A method according to claim 3 or 4, in which the blocking agent is lignocaine or 
mexiletine. 

6) A method according to claim 5, in which the dosage used is in the range 100- 
lOOOmg/day. 

7) A method according to any of claims 3 to 6, in which a nitric oxide synthase 
inhibitor is also administered, to reduce endogenous nitric oxide production. 
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